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DegradationThe application of electrical modes in scanning probe microscopy helps to understand the
electrical function of materials that are structured on the nanometer scale. Scanning force
microscopes are routinely used for the investigation of surface topography. Here we accen-
tuate the use of electrical modes that are unique for the correlation of structural and elec-
tric information on a nanometer scale. This is particularly important for analyzing organic
solar cell materials. A special focus is given to experiments aiming at the investigation of
light-induced processes which requires the integration of an additional light source into
the scanning force microscope setup. Furthermore, we address future challenges for scan-
ning force microscopy investigation of electrical properties of soft matter materials.
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A constant and ubiquitous supply of energy has become
essential for our modern lifestyle. We need energy to heatour homes, to run our cars or to keep our electronic devices
running. Decreasing supply of fossil energy on one side and
more and more sophisticated off-grid applications such as
mobile telecommunication on the other side have raised
the demand for new energy harvesting strategies. A energy
source would be sun-light and thus solar cells become
Fig. 1. Energetic diagram of an organic solar cell (a). The charge
separation mechanism starts with the absorption of a photon (1), exciting
an electron (gray circle) from the highest occupied molecular orbital
(HOMO) to the LUMO and leaving a hole (blue circle). The subsequent
relaxation leads to the formation of an exciton (2). In order to separate the
exciton, it has to ﬁnd a donor–acceptor junction by diffusion (3), where it
can be separated (4). Owing to the electric ﬁeld generated by the work
function offset of the electrodes, the separated charges drift towards their
respective electrodes. Here, the absorption takes place in the electron
donor material (D); the same mechanism would apply for absorption in
the acceptor (A). Adapted from [5]. (b) Schematic view of a bulk
heterojunction solar cell which consists of a blend or heterojunction of
donor (red color) and acceptor (blue color) material with a phase
separation on the order of 10 nm. (For interpretation of the references
to color in this ﬁgure legend, the reader is referred to the web version of
this article.)
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materials, the absorption of a photon leads to the spatial
separation of a negative charge (electron) and a positive
charge. In order to collect the charges, the internal struc-
ture of the cell has to guide them to their respective elec-
trodes. Although silicon solar cells are well established,
the main drawback of inorganic solar cells is the energy
and cost-intense manufacturing process and their weight.
Thus, in the last two decades more and more research
has been devoted to alternative low-cost materials for so-
lar cells. Organic semiconducting polymers offer a light,
cheap and ﬂexible alternative, as they can be processed
with well-established coating techniques such as blade-
coating or roll-to-roll printing. These so-called plastic solar
cells mostly consist of highly conjugated hydrocarbons. For
an efﬁcient charge separation, a combination of an electron
donor and electron acceptor material is used in the active
layer. Widely used examples for donor materials are poly-
thiophenes or polytriphenylamines. The most common or-
ganic acceptors are fullerene derivatives with functional
side groups that promote solubility in organic solvents,
e.g. phenyl-C61-butyric acid methyl ester (PCBM). A de-
tailed overview on the available materials for organic solar
cells was given for example in [1].
In organic solar cells, the fundamental process of charge
separation is the absorption of a photon in the active layer.
Typically, photo-generated excitons in organic semicon-
ductors are more difﬁcult to separate into free charges
compared to inorganic materials. The low dielectric con-
stant and the higher degree of localization lead to binding
energies in the order of 0.1–1 eV, signiﬁcantly higher than
the thermal energy kT at room temperature [2,3]. Owing to
this strong binding energy, the average exciton lifetime is
quite short – in the order of some hundreds of picoseconds.
Furthermore, excitons in organic materials are strongly
localized within the conjugation length of their molecules,
which leads to a slow diffusion. Typically, the diffusion
length is in the order of some tens of nanometers. In the
case of poly(3-hexylthiophene) (P3HT), the diffusion
length was measured to be LD  9 nm (exciton lifetime
s = 400 ps, diffusion constant D = (1.8 ± 0.3)1013 cm2/s)
[4]. If the exciton is close to a donor–acceptor junction,
the energetic offset between the lowest occupied molecu-
lar orbitals (LUMO levels) will facilitate the spatial separa-
tion of the charges: the hole remains in the donor material,
whereas the electron is transferred into the acceptor mate-
rial (Fig. 1a). Owing to the short diffusion length, the exci-
ton has to be created close enough to a donor–acceptor
junction before recombination takes place. The latter
determines the scale of the morphology needed in do-
nor–acceptor blend materials to be in the nanometer
realm. Consequently, such morphologies become a key
parameter for organic solar cells. Furthermore, an efﬁcient
donor–acceptor junction has a thickness in the order of the
absorption length (typically some hundreds of nanome-
ters). Both length scales can be achieved by the concept
of the bulk heterojunction, where donor and acceptor are
intermixed, forming an interpenetrating network
(Fig. 1b). Finally, charges must be transported to the elec-
trodes. In order to achieve this it is important that donor
and acceptor form percolating networks.For such structures, classic experimental methods, such
as current–voltage measurements on macroscopic devices
can only provide average information over the microscopic
function. Imaging methods such as optical and electron
microscopy can provide information on the structure of
the material and – with extensions such as Raman, X-ray
spectroscopy and electron energy loss spectroscopy –
about the composition of the material. However, these
methods reach their limits when the energy conversion
on the level of individual molecules and nanostructures
needs to be studied. Here, scanning force microscopy
(SFM) is a method to investigate the above mentioned
nanoscopic structures. Uniquely, SFM allows probing elec-
trical properties of organic solar cells such as the contact
potential difference, variations in electrical conductivity
and local photocurrents. Thus structural information can
be directly correlated with electrical information on a
nanometer scale. This unique feature is addressed in the
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principles of conductive scanning force microscopy (CSFM)
and Kelvin probe force microscopy (KPFM). Second, we fo-
cus on experiments aiming at visualizing photo-induced
processes in organic solar cells. For such experiments, an
additional light source has to be integrated into the SFM
setup. Third, we discuss some challenges and future direc-
tions for SFM in the ﬁeld of organic based electronics.2. Electrical SFM methods
The most common use of SFM (a synonym is atomic
force microscopy (AFM)) is the investigation of the
topography of surfaces [6]. The basic principle is that the
force acting between a nanometer sized tip and
the sample surface is kept constant using an electronic
feedback circuit upon scanning the tip relative to the
sample. Then the electronic feedback signal is used as a
measure of the sample topography, h, which has an accu-
racy <1 nm (Fig. 2a). However for visualizing the function
of energy materials, the pure topography imaging is often
not sufﬁcient. Here, the use of electrical operation modes
extends the range of accessible material properties.Fig. 2. Different SFM operation modes: (a) contact mode, (b) conductive
SFM and (c) Kelvin probe force microscopy.2.1. Conductive scanning force microscopy
In contact mode, the tip is in permanent mechanical
contact with the sample surface. Thus, on sufﬁciently con-
ductive samples, an electrical circuit can be established be-
tween a conductive tip and the sample. By connecting the
SFM tip to a current ampliﬁer and setting the sample on a
bias voltage US relative to the tip, the electrical current Itip
can be detected (Fig. 2b) [7,8]. Variations in the local con-
ductance G = Itip/Us [X1] of the sample can be studied by
scanning the sample at a constant bias voltage. This oper-
ation mode is called conductive scanning force microscopy
(CSFM [9,10]). The advantage of CSFM is that it uses two
independent signals, i.e. the deﬂection of the cantilever
and the electrical current. In contrast, in scanning tunnel-
ing microscopy (STM) morphological properties are ob-
tained by adjusting the tip sample separation by keeping
a constant tunneling current. In case of electrically insulat-
ing domains at the surface, STM would fail. CSFM requires
electrically conductive substrates or electrodes (e.g. metal
layers, graphite, indium tin oxide) and tips (e.g. metal
coated tips, conductive diamond coating [11], PtSi [12].
In addition to topography and current imaging, local cur-
rent–voltage characteristics can be recorded by positioning
the tip at a desired spot on the surface. From the local cur-
rent voltage dependence, the charge injection mechanism
and/or the transport properties of the material under the
tip can be studied. This kind of analysis can provide addi-
tional information about the material properties, e.g. at
surfaces, interfaces and in conﬁned geometries.
2.2. Kelvin probe force microscopy
Kelvin probe force microscopy (KPFM) is a SFM method
that utilizes the tip as a Kelvin probe [13]. A Kelvin probe is
able to quantify contact potential differences (UCPD or simply
CPD) between a reference probe and a sample surface. The
measured UCPD can have different contributions caused by
(i) materials with differing work functions, (ii) surface
charges or dipoles or (iii) charging, e.g. by photo-induced
charge separation.
In KPFM, an AC voltage UAC is applied between the tip
and the sample. In the presence of an electrostatic ﬁeld
(caused by CPD) between tip and sample the AC voltage
leads to an oscillation of the cantilever. By compensating
this electrostatic ﬁeld by a DC bias voltage UDC applied be-
tween the tip and the sample, the vibration amplitude can
be nulliﬁed. At this condition we ﬁnd that UDC = UCPD
(Fig. 1c). By scanning the tip, the UCPD can be mapped with
a resolution down to individual atoms [14]. More detailed
descriptions of the working principle of KPFM can be found
in numerous reviews [10,15,16].
One implementation of KPFM in the feedback electronic
circuit is to track changes in the amplitude of the cantilever
vibration by means of a lock-in ampliﬁer. This method is
called amplitude modulation (AM) KPFM [17]. An alterna-
tive strategy is to track changes in the vibration spectrum
of the cantilever. Applying an AC voltage of frequency fm
well below the cantilever’s resonance frequency f0 leads
to a modulation of the cantilever’s resonance frequency
and thus to the appearance of satellite peaks in the canti-
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can be nulliﬁed by applying a DC bias voltage UDC. The
advantage of FM over AM-KPFM is that it is sensitive to
the force gradient signal, which decays more steeply with
increasing sample distance than the force signal itself.
Thus, contributions in the KPFM signal originating from
the cantilever and the tip cone are reduced. Zerweck and
co-workers have studied the accuracy and resolution of
amplitude and frequency modulation methods in ultrahigh
vacuum (UHV). They found that the frequency modulation
method is preferable in most applications owing to a high-
er lateral resolution and reduced inﬂuence of tip sample
distance [18]. However, for a good signal-to-noise ratio
higher AC voltages of typically 1–2 V have to be applied
on most systems when using FM mode. Secondary effects
such as band bending close to the sample surface may oc-
cur. In AM mode, the AC voltage can be reduced down to
50–100 mV, thus minimizing band bending effects [19].
2.3. Photo-induced effects
Photo-induced conductance changes and charging ef-
fects can be quantiﬁed by comparing G or UCPD maps with
and without sample illumination. There are several ways
to practically implement an additional light source in a
SFM setup. In our lab, we use a combination of ﬁber-cou-
pled light sources and mirrors to guide the light to the
sample (Fig. 3). Two light sources are available: a white
light source and a 488 nm diode laser. The positions of
the light sources are interchangeable to allow for either
bottom illumination for experiments on top of the sample
or side illumination, e.g. for experiments at cross cuts
where the sample is mounted upright. Other setups were
reported which allow KPFM voltage spectroscopy at differ-
ent illumination wavelengths [20]. Here, a 300 W Xe arc
lamp is used as light source which is then passed through
a monochromator and into glass ﬁbers. The glass ﬁbers are
then guided into a UHV KPFM setup. Light emanating from
the glass ﬁber end illuminates then samples from the side
at a shallow angle.Fig. 3. Setup for SFM experiments with sample illumination. Two light
sources are available: (1) a white light source and (2) a 488 nm diode
laser which is guided via a mirror (4) to the SFM (3).3. SFM on solar cells
First investigations of photo-electric effects were re-
ported for inorganic solar cells and date back to the early
days of scanning probe microscopy. In 1991, Weaver and
Wickramasinghe reported for the ﬁrst time the use of scan-
ning surface photo-voltage microscopy on different types
of semiconducting samples in air [21]. An additional He–
Ne laser beam was used to create electron hole pairs that
diffused to the surface and interfaces. Then UCPD were mea-
sured in AM-KPFM mode under illumination and under
dark conditions. Using this method, microcracks, dopant
proﬁles and dislocations in semiconductors were investi-
gated. Until today many studies were performed on inor-
ganic solar cells [22–25]. Today’s research in organic
solar cell structures creates substantial additional require-
ments to SFM methods. In addition to the required mor-
phology at a 10 nm scale, organic materials used in
organic solar cells are much less stable when exposed to
ambient air. In particular in combination with light expo-
sure, this often leads to photo-oxidation. Thus, in order
to use electrical modes for the characterization of organic
solar cells the SFM should be operated under deﬁned and
inert environments, e.g. inert gas or even vacuum. Further-
more, most of the materials are soft and prone to tip in-
duced wear.
Hoppe et al. investigated an organic polymer solar cell
consisting of blends of MDMO-PPV:PCBM cast from tolu-
ene and chlorobenzene [26] (MDMO-PPV stands for
poly(2-methoxy-5-(30-70-dimethyloctyloxy)-1,4-phenyl-
enevinylene)). They performed KPFM in an UHV SFM sys-
tem with a sample illumination performed with laser
light (Fig. 4). Together with scanning electron microscopy
they proved that the ﬁlms cast from chlorobenzene yielded
a much ﬁner phase separation compared to toluene cast
ﬁlms. The comparison of surface photo-voltage images
showed that charge trapping in isolated PCBM domains is
a major cause for the lower performance of toluene cast
ﬁlms compared to chlorobenzene cast ﬁlms. Chiesa et al.
studied blends of poly(9,90-dioctylﬂuorene-alt-benzothia-
diazole) (F8BT) and poly-(9,90-dioctylﬂuorene-co-bis-N,
N0-(4-butylphenyl)-bis-N,N0-phenyl-1,4-phenylenediamine)
(PFB) [27]. They measured the local surface photo-voltage
with KPFM as a function of laser intensity over several
orders of magnitude. They were able to demonstrate that
the KPFM surface photovoltage correlates well with the
open circuit voltage measured on a bulk device. By com-
paring the CPD patterns of areas with and without illumi-
nation they identiﬁed different micrometer-sized domains
of PFB and F8BT rich phases. By correlating the surface
photo-voltage with the topography, a model for the three
dimensional structure of the active polymer blend could
be deduced.
Aiming at the highest possible resolution, Spadafora
et al. investigated P3HT:PCBM blends with an optimized
bulk heterojunction morphology using an UHV non-con-
tact SFM [28]. By optimizing the experimental parameters
of the AM-KPFM setup and scanning with very low scan
speeds (image acquisition times 7–10 h), a resolution bet-
ter than 10 nm was obtained on the CPD images of both
Fig. 4. Topography and potentials measured on MDMO-PPV:PCBM cast from toluene. (a) shows a schematic view of the distribution of PCBM rich domains
(blue) in the MDMO-PPV matrix. (b) The topography revealed that PCBM rich domains partially poke out from the surface. The effect of the sample
illumination can be seen in the lower images [26]. The brighter spots were attributed to PCBM rich domains. The potential images indicate strong charge
trapping in the electrically isolated PCBM domains as sketched in (a).
Fig. 5. (a) Schematic of the photo-conductive AFM (pcSFM) setup [33]. (b) The local photo-current measured by pcSFM correlates well with the external
quantum efﬁciency measured on bulk devices. (c) Topography and (b) photo-current data collected on toluene cast MDMO-PPV:PCBM, demonstrating that
charge carriers are mainly generated close to the interface between MDMO-PPV and PCBM. On the xylene cast ﬁlm (e and f), the phase separation is much
ﬁner and the current generation more homogeneous. Results taken from [33].
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the measured shift in CPD upon illumination corresponds
to the HOMO and LUMO levels of the donor and acceptor
materials deposited on top of an indium tin oxide (ITO)
substrate [29]. Here the measured CPD is a measure of
the open circuit potential in organic solar cells. Therefore,
KPFM methods are often sufﬁcient to study the photo re-
sponse in newly developed nanostructures, e.g. for new do-
nor–acceptor systems [30–32] in order to prove novel
synthetic routes and to identify promising new material
systems.
Coffey et al. [33] combined conductive SFM with a laser
sample illumination (k ¼ 532 nm, intensity I = 104 W/m2)
and recorded the local photo-current via a current ampli-
ﬁer connected to the tip. Photo-currents were recorded un-
der open circuit conditions, that is, no sample bias voltage
was applied during the experiments (Fig. 5a). With this so-
called photo-conductive SFM (pcSFM), they investigated
MDMO-PPV:PCBM blends with different degrees of phase
separation. By recording the photo-current maps over sev-
eral orders of magnitude in illumination intensity, the
authors proved that the average photo-current correlates
well with the short circuit current measured on a bulk
device (Fig. 5b). The photo-current map recorded on a
coarsely phase separated toluene cast blend revealed
that only the small border region of 20 nm around
the MDMO-PPV/PCBM interface generated a measurable
photo-current (Fig. 5c and d). In comparison, the previ-
ously mentioned KPFM studies revealed [26,27] similar do-
mains of several hundred nanometers in diameter. These
domains had a constant CPD when they were illuminated.
On samples exhibiting a smaller scale phase separation of
some tens of nanometers, the photo-current was more
homogeneous on single domains (Fig. 5e and f).
In following publications, the method was used to fur-
ther investigate the interplay between the nanoscale mor-
phology and the overall device performance. In order to
achieve the best possible morphology, devices are often
annealed after depositing the active layer. The annealing
increases the separation between the donor and acceptor
phases [34]. Recently, Kamkar et al. have studied fullerene
capped P3HT and studied the performance of ﬁlms made
from different solvents using pcSFM [35]. The measure-
ments revealed that samples made from dichlorobenzene
organize in a ﬁbrous network and exhibit a high photo-cur-
rent. Finally an increasing number of pcSFM studies were
published, focusing on alternative morphologies such as
P3HT nanowires [36–38], or novel material combinations
[39–43].
Although pcSFM is a very powerful technique for the
visualization of nanoscale photo-current, it also has some
drawbacks. The operation of CSFM is based on contact
mode that potentially modiﬁes the surface [44]. Thus,
pcSFM experiments are limited to sufﬁciently stable and
smooth surfaces. Furthermore, in order to generate a mea-
surable photo-current, the sample has to have a high
power conversion efﬁciency. Otherwise, strong illumina-
tion intensities well above the solar irradiation intensity
of 103 W/m2 are required to generate a measurable signal.
Thus, the application is limited to systems that have al-
ready undergone an extensive optimization of materialsynthesis and device preparation parameters. Novel mate-
rials and model systems – although highly relevant for
testing novel concepts – are thus often not accessible by
pcSFM.
In conclusion, mapping of photo-induced changes in
electrical parameters makes the SFM method particularly
interesting for the nanoscale investigation of energy mate-
rials. The use of these setups allows comparing SFM data
on samples in dark and under illumination at deﬁned light
intensities. Furthermore, the wavelenths of the light can be
varied in order to determine local electronic band gaps in
materials [20] and valuable insights in the structure and
working mechanism of organic photovoltaic devices can
be obtained.4. New SFM based methods for organic solar cells
In order to identify the structures responsible for the
charge generation more precisely, complementary SFM
methods are required. With time resolved electrostatic
force microscopy (trEFM), Coffey and Ginger introduced
an elegant method that combines the advantages of KPFM
(non-contact operation) with pcSFM (mapping of local
charge carrier generation rate) [45]. In order to achieve
the maximum resolution, frequency modulation electro-
static force microscopy (EFM) in interleave mode is used.
Here, the cantilever is driven mechanically at its resonance
frequency while being lifted 5–100 nm above the sample.
Electrostatic ﬁelds, for example generated by surface
charges, lead to a shift Df in the cantilever’s resonance fre-
quency. This shift is tracked by a phase locked loop. Reid
et al. were able to demonstrate that trEFM exhibits a high-
er sensitivity compared to KPFM when studying degrada-
tion patterns in a F8BT:PFB blend material [46]. They
used UV light focused onto a sample in the presence of
ambient air in order to locally degrade the organic com-
pounds. Photo-oxidation is one of the main reasons for
the limited lifetime of present organic solar cells [47].5. Challenges and future directions for the electrical
characterization of organic solar cell materials with SFM
The excerpt given above on the characterization of or-
ganic solar cell materials showed that the SFM methods
provide valuable information. However, we feel that there
are a number of unsolved questions on the instrument,
sample preparation and on the materials side which we
will point out in the following.
5.1. Material issues
Studying degradation processes will most likely gain
more and more importance [47]. Apart from the example
we presented at the end of the organic solar cell section
[46], only a few groups have addressed degradation phe-
nomena on a nanometer scale. Sengupta et al. have used
an illumination mask to locally degrade P3HT:PCBM blend
ﬁlms [48]. In this contribution, a method for the quantiﬁca-
tion of photo-degradation using KPFM and CSFM was de-
scribed. Since KPFM and CSFM can only measure relative
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were degraded locally using a micrometer size grid as a
shadow mask. This procedure allowed to make a compari-
son between degraded and non-degraded parts within the
same scan area. In addition, the method was used to study
the degradation of individual components of the blends,
namely P3HT and PCBM. Thus, there is no need for the
preparation of fully operational devices, where the degra-
dation processes in the active layer may additionally be
inﬂuenced by other layers, such as electron transport lay-
ers. In a similar study, Lopez-Elvira et al. used focused blue
and UV light to locally degrade samples of poly(3-octylthi-
ophene) and investigated the effects with KPFM [49]. They
found that blue light had a stronger degradation effect
compared to UV.
5.2. Sample preparation issues
For quantitative and reproducible SFM experiments it is
vital to have deﬁned surfaces, both on the sample and on
the tip. As the SFM tip mimics the top electrode, a correct
matching of the energy levels is an important issue for
electric transport measurements. In the Nguyen group,
for example, high work function platinum tips have been
used for hole mobility measurements and low work func-
tion magnesium coated tips for electron mobility measure-
ments [50].
Measuring the potential distribution inside a working
device makes it possible to gain information on the phys-
ics at internal interfaces. The preparation of a deﬁned
cross cut through an inorganic device, e.g. by fracturing,
is usually straight forward as the materials are quite ro-
bust against mechanical stress. In an organic solar cell,
however, soft materials and poor adhesion between adja-
cent layers hamper the preparation of cross cuts. Conse-
quently, only few studies have been performed on cross
cuts of organic solar cells, so far. Dante et al. have used
a focused ion beam (FIB) apparatus to cut a thin slice
out of a device and imaged it with CSFM [50]. However,
they only imaged the active layer without the adjacent
interfaces. Lechmann et al. studied the charge conduction
in a hybrid solar cell, that was fractured and subsequently
polished by a FIB procedure [51]. By changing the sign of
the sample voltage during CSFM imaging, the function of
the hole blocking layer was visualized. However, to this
point it is unclear, how much the use of high energy ions
of the FIB alters the sample structure and function [52].
Hamadani et al. used low angle microtome cutting to pre-
pare a sufﬁciently ﬂat surface across a P3HT:PCBM solar
cell device [53]. The authors found signiﬁcant structural
differences at the surface as compared to the bulk of
the active layer, which they attributed to an enrichment
of P3HT at the surface. For the interpretation of those
experiments, effects on the internal energy levels caused
by the additional interface in the sample have to be taken
into account. For example, a pinning of the Fermi level at
the surface has been observed [54]. In this case, the
authors were able to compensate those effects by apply-
ing a bias voltage to the sample.
Zhang and co-workers and Lee and co-workers
simply broke solar cells in air [55] or liquid nitrogen [56],respectively. These so prepared surfaces were smooth
enough for performing KPFM in order to determine the po-
tential distributions in the stack of layers. Zhang et al.
found that P3HT:PCBM type solar cells were almost ﬁeld
free at short circuit conditions [55]. An elegant way to ob-
tain the three dimensional structure in a percolating con-
ductor network has been demonstrated in the Loos group
[57]. By a stepwise process of slicing off material with a
microtome knife and subsequent CSFM imaging after each
cutting step, percolation pathways could be followed and
possible potential drops at interfaces be studied.
5.3. Instrumental issues
A common issue in CSFM and pc-AFM studies on organ-
ic materials is the tip-sample interaction during the exper-
iments. Here, new dynamic operation modes such as
jumping mode [58,59] (or the commercially available ver-
sion called peak-force) or conductive torsion mode micros-
copy [60–62] can lead to a more deﬁned tip-sample
interaction during the experiment. Weber et al. have dem-
onstrated, that in torsion mode a very fragile array of ver-
tical nano-pillars made of an organic semiconductor could
be imaged non-destructively while simultaneously mea-
suring the tip-sample current [60]. Thus, conductance vari-
ations in between individual nano-pillars could be
observed. Furthermore, current voltage characteristics re-
corded on single nano-pillars revealed a space charge lim-
ited conduction behavior, yielding further information
about the charge transport mechanism in the nano-pillar.
Desbief and co-workers have studied the electrical proper-
ties of hybrids of a P3HT and carbon nanotubes using time-
resolved current sensing force spectroscopy [63]. This
method reduced tip sample forces signiﬁcantly. In particu-
lar, this method does not exhibit lateral wear between the
tip and sample surface as it is based on measuring the cur-
rent during force distance curves recorded at a frequency
>1 kHz. Desbief and co-workers demonstrated that this
method allows to map the current distribution over
15 nm wide nanoﬁbers.
With the development of time resolved EFM experi-
ments dynamic processes in photo-active samples can be
studied elegantly. However, the temporal resolution is by
far not sufﬁcient to track the fundamental photo-physical
processes in solar cell materials that are in the range of
micro- down to femto-seconds [64]. The use of faster
detection electronics and smaller cantilevers featuring
resonance frequencies above 1 MHz could be a ﬁrst step
towards enhanced spatial resolution and faster time
resolved measurements. Absolute values of the conductiv-
ity of materials could be obtained by four point probe
methods. Groups have started to fabricate probes on a
nanometer scale [65]. However, applications to soft matter
or to organic solar cells were not reported so far.
In many SFM studies on solar cell materials, in particu-
lar in organic systems, a further increase in lateral
resolution is desirable. An alternative strategy to UHV
experiments is to apply SFM in liquid environments. The
complete immersion of sample and tip into a deﬁned liquid
eliminates meniscus forces between tip and sample and
protects the surfaces from contamination. In combination
1914 R. Berger et al. / European Polymer Journal 49 (2013) 1907–1915with a low-noise SFM setup [66], atomic and molecular
topographic resolution has been demonstrated [67]. Re-
cently, KPFM was performed by Domanski and co-workers
in non-polar liquids in order to determine work-function
changes upon chemisorption of hexadecanethiols on Au
[68]. However, applying a voltage between tip and sample,
as required for KPFM, can lead to electrochemical reactions
and spurious forces in aqueous environments. Thus, con-
ventional KPFM is not possible. Recently, Fukuma and
coworkers have published ﬁrst results on a new ‘‘open
loop’’ KPFM technique in aqueous buffer solution [69]. This
type of experiment could be applicable for in situ experi-
ments on energy materials such as liquid electrolyte Grät-
zel cells or electrochemical battery materials that were not
accessible by KPFM so far.
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